A discrete wavelength tunable laser has been demonstrated using microelectromechanical systems ͑MEMS͒ technology. The laser system is formed by integrating a semiconductor laser, a single-mode optical fiber, and a MEMS mirror onto a single chip. It has overall dimensions of 1.5 mmϫ1 mmϫ0.6 mm ͑not including the optical fiber͒, and can be tuned to sweep a wavelength range of 13.5 nm within 1 ms. Unlike the conventional continuously tunable lasers, the laser system enables discrete wavelength tuning by making use of a short external cavity and weak feedback. Widely and fast tunable semiconductor lasers have wide applications in dense wavelength division multiplexing ͑DWDM͒ networks, for example, enabling dynamic alloptical switching. Conventional optomechanical externalcavity ͑EC͒ tunable lasers have a large tuning range and excellent wavelength accuracy, but bulky size and slow speed ͑ϳ0.5 s͒ limit their applications.
Widely and fast tunable semiconductor lasers have wide applications in dense wavelength division multiplexing ͑DWDM͒ networks, for example, enabling dynamic alloptical switching. Conventional optomechanical externalcavity ͑EC͒ tunable lasers have a large tuning range and excellent wavelength accuracy, but bulky size and slow speed ͑ϳ0.5 s͒ limit their applications. 1, 2 Microelectromechanical systems ͑MEMS͒ technology has been shown to be very promising in miniaturizing tunable lasers. [3] [4] [5] [6] [7] The precision and stable movement of the microactuators enables fine wavelength tuning. The small size of the micromachined mirrors facilitates fast tuning speed and low power consumption. However, the previous MEMS lasers have focused on continuous wavelength tuning. [3] [4] [5] [6] [7] To this end, complicated mechanical movement control had to be engaged, making the devices bulky and less cost effective. In fact, continuous wavelength tuning is not absolutely necessary in some applications. For example, DWDM systems use discrete wavelengths standardized by the International Telecommunication Union ͑ITU͒ grids ͑spaced by 100, 50, or 25 GHz͒. Enlightened by this consideration, we have designed and developed a MEMS discrete wavelength tunable ͑DWT͒ laser. In this letter, we report on the design principle and performance of the laser.
The DWT laser has a cavity configuration as shown in Fig. 1͑a͒ . F 1 and F 2 denote the mirrors of the Fabry-Pérot ͑FP͒ laser, and F 3 is an external mirror that forms an external cavity to the FP laser. r 1 , r 2 , and r 3 are the reflectances of F 1 , F 2 , and F 3 , respectively. n is the effective refractive index of the FP laser cavity, and d and L stand for the lengths of the laser cavity and the EC, respectively. Due to the existence of the external mirror F 3 , the effective reflectance r 2 eff of the mirror F 2 is given by [8] [9] [10] [11] 
where is the frequency of the FP laser given by 
where is the relative reflectance of the external mirror given by ϭr 3 (1Ϫr 2 2 )/r 2 . Note that both r L (,L) and
For the FP laser to lase, the following amplitude and phase conditions must be satisfied:
where d is the roundtrip time of the FP laser cavity given by d ϭ2nd/c 0 , and g and ␥ represent the gain and loss of the cavity, respectively.
Equations ͑3͒ and ͑4͒ also give the influence of the EC on the FP laser oscillation. In case of no external cavity ͑i.e., r L ϭ1 and L ϭ0͒, the FP laser oscillation is fully determined by its gain profile and longitudinal modes. external cavity on the gain condition is like that it adds a tunable bandpass filter in the cavity. As schematically shown in Fig. 1͑b͒ , the center wavelength of the bandpass filter varies with the EC length. Therefore, the laser cavity mode can be selected by changing the EC length.
To enable stable discrete wavelength tuning, the continuous wavelength tuning and the mode spacing variation caused by the change of EC length should be negligible. The continuous wavelength tuning (Ϫ 0 ) is given by
where 0 is the output wavelength without EC, ␣ is a linewidth enhancement factor ͑typical value 4 -7͒, 10 and
represents the external feedback strength.
In the case of a short EC LϽnd, CӶ1. Therefore, relative to the mode spacing ⌬v s ϭ1/ d , the wavelength variation is given by
Note that under the condition Ӷ1 ͑i.e., weak feedback condition͒, the continuous tuning wavelength becomes negligible.
Under the weak feedback condition, Eq. ͑2͒ yields Ϫр L р. According to Eq. ͑4͒, the relative variation of mode spacing is
This shows that the mode spacing change is also negligible under the weak feedback condition.
The wavelength tuning range ␦ of the DWT laser is limited by the free spectral range of the EC, as expressed by
which shows that the short EC length has the advantage of a large tuning range. In conventional optomechanical tunable lasers, the cavity length typically ranges from several millimeters to several meters. The tunable range compared to the longitudinal mode spacing is too small to be applicable. In contrast, MEMS technology is able to provide cavity length as short as several microns, and is therefore very promising for widely tunable lasers. The schematic of the DWT laser is shown in Fig. 2͑a͒ . A concave mirror is used as the external reflector and a singlemode optical fiber is butt-coupled to the laser. This configuration is an improved version of the simple configuration in which a flat mirror is used. 4 -6 The concave mirror helps to focus the diverging laser light, improving the feedback efficiency. An integrated MEMS DWT laser is shown in Fig.  2͑b͒ . All the MEMS structures are fabricated in a silicon-oninsulator ͑SOI͒ wafer by deep reactive ion etching processes. The DWT laser has overall dimensions of 1.5 mmϫ1 mm ϫ0.6 mm ͑not including the fiber͒. Since a concave mirror is not easy to fabricate using MEMS technology, a curved mirror has to be used, as shown in Fig. 3 . The curved mirror has a curvature radius of 66 m and is coated with a layer of gold ͑0.2 m thick͒ to improve its reflectivity. The position of the mirror is controlled by applying an electrostatic voltage to a comb drive microactuator. When the driving voltage is greater than 2.5 V, the mirror displacement increases nearly linearly with higher driving voltage, and reaches 4 m at 18 V. As a result, the EC length increases from 66 m to 70 m.
The laser chip is made of multiple-quantum-well InGaAsP/InP materials, and has dimensions of 210 mϫ300 mϫ100 m ͑lengthϫwidthϫheight͒. The laser facets are not coated ͑i.e., r 2 ϭ0.56͒. The reflectance of the curved mirror is evaluated to be r 3 ϭ0.03 by measuring the threshold current variation while moving the curved mirror. 11, 12 Using our data, Lϭ66 mӶndϭ735 m, r 2 r 3 ϭ0.017Ӷ1, and ϭ0.037Ӷ1. Therefore, the DWT laser satisfies the requirements for discrete wavelength tuning.
The wavelength tuning property of the MEMS DWT la- ser is shown in Fig. 4 . The injection current is kept at 25.4 mA ͑about 28% over the threshold current 19.8 mA͒. At this current level, the DWT laser can be operated in cw without an additional heat sink. Moreover, it is able to maintain single longitudinal mode ͑due to homogeneous broadening͒ when tuned to different wavelengths. The overlapped spectra of different output states are shown in Fig. 4͑a͒ . The output power is about 1 mW, and varies with the wavelength tuning ͑variation Ͻ6 dB͒. The suppression ratio of the side mode is Ͼ13 dB. Figure 4͑b͒ shows the change of the laser wavelength with the mirror displacement. The wavelength is initially at 1570.04 nm and stays constant at very small mirror displacement. Further movement of the curved mirror makes it suddenly drop to 1556.56 nm ͑the shortest wavelength͒. After that, the wavelength appears at the positions of the laser modes, and increases by a constant step of 1.69 nm. A tuning range of 13.5 nm is obtained. According to Eq. ͑8͒, the maximum tuning range should be Ͻ17.8 m. Further displacement of the curved mirror does not produce a higher wavelength. Instead, the wavelength changes periodically. The mirror shift corresponding to one period is about one wavelength. The sudden drop and stepwise increase of the wavelength are the evidence of discrete wavelength tuning. Continuous wavelength change is well suppressed to be less than 0.04 nm ͓estimated to be 0.043 nm by Eq. ͑7͔͒. It is observed that at any wavelength, the output is stable single mode when the mirror displaces within a certain region ͑named as the stable region, about 0.11-0.14 m͒. Two or more modes are excited once the mirror moves out of this region, and thus mode competition occurs. The length of the unstable region is about 0.01-0.03 m. The MEMS structures, including the curved mirror and the actuator, have a resonant frequency of 2.5 KHz. It takes less than 1 ms to switch from one wavelength to any of the other wavelengths. This DWT laser shows that the approach of discrete wavelength tuning has some special advantages. For example, a wide tuning range can be obtained by using a short EC. The laser configuration is simple and without the need of integrated optical lenses or gratings. In addition, the output wavelength does not change when the external reflector moves within the stable regions, which greatly improves the mechanical stability/reliability of the laser. Another advantage is that all the other longitudinal modes are automatically aligned to the ITU grids if one mode is intentionally adjusted to an ITU wavelength and the mode spacing is selected to match the ITU grid interval.
In conclusion, we have demonstrated a monolithic MEMS tunable laser whose wavelength can be tuned by discrete steps to discrete values while maintaining a single longitudinal mode. A tuning range of 13.5 nm and a sweeping speed of about 1 ms has been obtained. The laser system has advantages of wide tuning range, fast tuning speed, high wavelength/mechanical stability, and easy monolithic integration, and would have applications in DWDM network systems.
